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A METHODOLOGY F O R  D E T E R M I N I N G  THE * 

ELASTIC CONSTANTS O F  I N - S I T U  ROCKS 

A.S. K e f e l i ,  B.P. S ib i ryakov 

ABSTRACT. A methodology f o r  determining t h e  
e l a s t i c  c o n s t a n t s  by us ing  se i smic  methods t o  
s tudy  t h e  s o i l s  dur ing  engineer ing  and geolo- 
g i c a l  surveys i s  descr ibed .  

The de te rmina t ion  of e l a s t i c  c o n s t a n t s  has  an impor tant  /201* - 
p l a c e  i n  t h e  s t u d y  of t h e  r h e o l o g i c a l  p r o p e r t i e s  of rocks ,  

Study of t h e  e l a s t i c  p r o p e r t i e s  of rocks  emerges a s  an ina tpenden t  

t a s k  i n  se i smic  methods of minera l  p rospec t ing ,  and a s  a  necessary  

s t a g e  i n  i n v e s t i g a t i o n s  of i n e l a s t i c  p r o p e r t i e s  i n  problems con- 

cerned with s t a t i c s  and dynamics. 

So f a r ,  a  g r e a t  d e a l  of success  has  been achieved i n  s tudying  

t h e  e l a s t i c  p r o p e r t i e s  of rocks  by us ing  specimens. A v a s t  body of 

expGrimenta1 d a t a  has been obta ined  on t h e  v e l o c i t i e s  of e l a s t i c  

waves i n  rocks  by us ing  superson ic  seismoscopes. But exper iecce  

shows t h a t  s o i l s  and rocks  change t h e i r  p r o p e r t i e s  i n  specimens 

a s  compared wi th  t h e i r  i n - s i t u  p r o p e r t i e s .  Research has shown 

c11 t h a t  t h e  v e l o c i t i e s  of e l a s t i c  waves depend on i s o t r c p i c  com- 

p r e s s i o n ,  t h e  presencelof  entrapped a i r  i n  t h e  s o i l ,  t h e  degree 

t o  which t h e  s o i l  i s  s a t u r a t e d  w i t h ' w a t e r ,  and a  number of o t h e r  

f a c t o r s ,  

The a c t i o n  of a l l  t h e s e  f a c t o r s  changes d r a s t i c a l l y  when :he 

specimen i s  brought  t o  ddy. This f a c t  i s  i n d i c a t i v e  of t h e  need 

t o  determine e l a s t i c  c o n s t a n t s  i n  s i t u .  One way t o  do s o  i s  t o  

use  methods based on record ing  l o n g i t u d i n a l  and t r a n s v e r s e  waves 

from a  n a t u r a l  p u l s e  source.  When l o n g i t u d i n a l  and t r a n s v e r s e  

waves a r e  used,  we a r e  i n  a  p o s i t i o n  t o  determine t h e  r a t i o s  

* Numbers i n  t h e  margin i n d i c a t e  pag ina t ion  i n  t h e  f o r e i g n  t e x t .  



A / p  and p / p ,  where A and p a r e  t h e  .lam& e l a s t i c  cons ta i l t s ,  a r d  

p i s  t h e  d e n s i t y  of t h e  rock. The e l a s t i c  p r o p e r t i e s  can be 

determined by se ismic  logging,  a s  we l l  a s  by us ing  longi t -adina l  

and t r a n s v e r s e  head waves, The concept  of us ing  e l a s t i c  waves t o  

determine Youngvs ~ o d u l u s ,  E ,  and P o i s s o n P s  r a t i o ,  a ,  i s  n o t  Eew, 

There a r e  s e v e r a l  -papers  [4, 53 on i n v e s t i g a t i o n s  such as  this, 

as  a p p l i c a b l e  t o  engineer ing  geology problems, However, che 

methodology s e t  f o r t h  i n  t h i s  paper d i f f e c s  from t h a t  i n  r e f e r  1 ences 

C4, 53. Moreover, t h i s  paper d i s c u s s e s  how t r a n s v e r s e  SH waves 

were genera ted  by an explosion.  Attempts t o  u s e  e l a s t i c  waves t o  

s t u d y  ~ a m 6  c o e f f i c i e n t s  encounter a  number of d i f f i c u l t i e s  associa-  
a 

t ed  with t h e  methods used t o  genera t4  e l a s t i c  waves, and w i c 3  =he 

i n t e r p r e t a t i o n  of t h e  wave p i c t u r e  obta ined .  This comment a p p l i e s  

i n  p a r t i c u l a r  t o  t r a n s v e r s e  waves. It i s  necessary  t o  genera te  

s u f f i c i e n t l y  i n t e n s e  t r a n s v e r s e  S H  waves i n  o rde r  t o  s o l g e  rhese  

problems. This paper g i v e s  examples of t h e  de terminat ion  of t h e  

e l a s t i c  c o n s t a n t s  by a  se i smic  method i n  a  cover mass, and In 

bed rocks.  The methodology i s  reviewed Yn d e t a i l .  

Determinat ion of t h e  Elas  t i c  Constants  i n  Loose Deposi ts  

(Rudnyy Al tay )  

The s tudy  of t h e  e l a s t i c  parameters was made i n  sho tho les  

( i n v e r s e  se i smic  l o g g i n g ) ,  and by s u r f a c e  obse rva t ions  us ing  t 3 e  

r e f r a c t i o n  waves method and shock a c t i o n .  Cont ro l  p l o t t i n g  h o l e s ,  

which were d r i l l e d  t o  t h e  roof  of t h e  basement, were used f o r  / 2 0 2  
b - 

i n v e r s e  se i smic  l o g g i ~ g  ( s o u r c e  i n  the ho le ,  d e t e c t o r  on "Lne s u r f a c e ) .  

It i s  known t h a t  smal l  charges p laced  i n  a h o l e  genera te  type  S V  

t r a n s v e r s e  waves C21, a s  w e l l  a s  l o n g i t u d i n a l  waves, when ex- 

ploded. The explos ion  of one d e t o n a t o r  proved adequate  f o r  depths 

t o  60 m. The s h o t  was made from t h e  f a c e  of t h e  h o l e  with a  2 rn 

i n t e r v a l ,  t o  depths  of 10-15 m ,  and wi th  a  1 m i n t e r v a l  a t  l e s s e r  

depths .  Type SPED-56 se i smic  d e t e c t o r s  were s e t  up 3 ,  6 ,  11, and 

20 m from t h e  mouth of t h e  hole .  Two h o r i z o n t a l  d e t e c t o r s  and 

one v e r t i c a l  d e t e c t o r  were s e t  up t o  r ecord  t h e  t h r e e  c~rn]?oneiz",~ 



x, y and z ,  a t  each p o i n t ,  E l a s t i c  o s c i l l a t i o n s  were recorded / 2 0 3  - 
by an SS-24-P s t andard  seismometer i n  t h e  frequency band between 

30 and 45 H z ,  wi th  t h e  ampli tude r e g u l a t o r s  c u t  o u t ,  Mlninurn. 

channel  a m p l i f i c a t i o n  was used a t  depths  l e s s  than  10-12 n, A 
t 

system of s h o r t  (up  t o  38 m )  counter  and over taking  t r ave l - t ime  

F igure  1. Seismograms i l l u s t r a t i n g  t h e  r ecord ing  
of p rogress ive  . ;ongi tudinal  and t r a n s v e r s e  wave: 
( ~ u d n y y  ~ l t a y ) .  



curves ( t h e  zone of low v e l o c i t i e s  f o r  t r a n s v e r s e  waves) was used 

t o  determine t h e  v e l o c i t i e s  of transverse:waves near t h e  day, 

Hor izonta l  shocks,  pe rpend icu la r  t o  t h e  l i n e  along which the 

se i smic  detectors ,  were placed (y-shock) ,  were used t o  g e n e r a t s  

t r a n s v e r s e  waves. The SPED-56 horizonta1"seismic d e t e c t o r s  were 

o r i e n t e d  pe rpend icu la r  t o  t h e  l i n e  of t h e  p r o f i l e  (y-reception), 

The i n t e r v a l  between t h e  ins t ruments  was between 1 and 2 rn, 

Equipment parameters  were t h e  same a s  those  f o r  t h e  h o l e  observa- 

t i o n s .  Maximum channel  g a i n  was used f o r  low shock s t r engzh  (ii 

10 kg s l e d g e  hammer was used) .  A seismograph was used t o  r ecord  

t h e  moment of shock. It was s e t  up b e s i d e  t h e  wooden b i l l e t  

through which t h e  shock was genera ted ,  ' 

Longi tudina l  and t r a n s v e r s e  waves were recorded on tke seisrno- 

grams obta ined  dur ing  t h e  h o l e  observa$ions (F igure  11, The 

v e r t i c a l  ins t ruments  r e c o r d  q u i t e  c l e a r l y  t h e  e n t r y  of t h e  iongi-  

t u d i n a l  wave, The h o r i z o n t a l  components.of t h i s  wave a r e  small  

s o  t h a t  t h e  p rogress ive  t r a n s v e r s e  wave can be separa ted  o u t  of 

t h e i r  background. It i s  d i f f i c u l t  t o  s e p a r a t e  ' the t r a n s v e r s e  

wave from t h e  n o i s e  background c r e a t e d  by t h e  l o n g i t u d i n a l  wave 

a t  shal low depths  ( t h e  f i r s t  6-8 m ) .  The p rogress ive ,  t r a n s v e r s e  

wave i s  recorded q u i t e  we l l  by t h e  h o r i z o n t a l  ( x  and y )  ins t ruments ,  

Clear  f i r s t  e n t r i e s  can be seen  on some of  t h e  seismograms, As 

w i l l  be  seen  from t h e  record ings  presented ,  t h e  amplitude of t h e  
x-component of t h e  t r a n s v e r s e  wave i s  l a r g e r  than  t h e  y-component, 

and t h i s  confirms 'the conclus ions  a r r i v e d  a t  by N.N. 2uzyx-ev and 

T.M. Bakharevskayz [ 2 1  concerning t h e  g e n e r a t i o n  of S V  waves by 

smal l  explos,ions i n  s ~ m t h o l e s .  , 

The nonlongi tudirral  t;avel-time curves ,  obta ined  from t h e  

s h o t h o l e  obse rva t ions  were reduced t o  t h e  v e r t i c a l ,  us ing  known 

methods C33,  Figure  2 shows t h e  v e r t i c a l  t rave l - t ime curves j204 - 
f o r  l o n g i t u d i n a l  and t r a n s v e r s e  wave$ t y p i c a l  of t h e  seairnentary 

sand and c l a y  s t r a t a  i n  t h e  Tushkanikhi r e g i o n  ( t o  t h e  w e s t  cf 

~ m e i n o g o r s k ) .  The v e r t c c a l  t rave l - t ime curve  f o r  t h e  t r a n s v e r s e  



wave i n  t h e  upper ' p a r t  of t h e  log  (up. t o  9 m )  was cons t ruc ted  

from t h e  d a t a  obta ined  from t h e  s u r f a c e  p q s i t i o n  obse rva t ions  

us ing  t h e  r e f r a c t e d  wave'method. A s  w i l l  be  seen  from t h e  l a y e r  

F igure  2. V e r t i c a l  t rave l - t ime curves f o r  
l o n g i t u d i n a l  P and t r a n s v e r s e  S V  waves: 1 - 
d a t a  from i n v e r s e  se i smic  logging;  2 - from 
t h e  r e s u l t s  of t h e  s tudy  of t h e  low v e l o c i t y  
zone. 

v e l o c i t y  curves  (F igure  2a [ s i c ] ) ,  t h e  r a t e  of propagat ion  of the 

l o n g i t u d i n a l ,  a s  we l l  a s  of t h e  t r a n s v e r s e  waves i n  t h e  loose 

s t r a tum i n c r e a s e s  s t e a d i l y  w i t h . d e p t h  t o  2 t s  l i m i t ,  and then  

remains cons tan t .  A s . a t i s f a c t o r y  p r e s e n t a t i o n  of t h e  velocity i n  

terms of depth i s  t h e  'approximation 

V ( 2 )  = 1,800 - 1,550 e  -0.152 
P  

f o r  t h e  l o n g i t u d i n a l  wave, and 

f o r  t h e  ' t r a n s v e r s e  wave. 

The va lues  f o r  V p ,  Vs ,  y ,  E and oe fo r  t h e  sedimentary s t ra tum 



i n  ' t h i s  p a r t i c u l a r  r e g i o n  a r e  l i s t e d  i n  Table 1, when 

TABLE 1 

Depth i n -  
t e r v a l s ,  

m 

Youngfs  mod^- 
l u s ,  E ,  i n  

dynes /cm 2 

Po i s son ' s  
r a t i o ,  a 

A s  w i l l  be  seen  from t h e  t a b l e ,  t h e  P o i s s o n q s  r a t i o  va lues  

f o r  t h e  loose  s t r a tum change b u t  l i t t l e  and a r e  n o t  i n  excess  of 

0.49. Young" modulus v a r i e s ' o v e r  broad l i m i t s ,  depending on dspth  

(by a  f a c t o r  of more than  10 f o r  a  change i n  depth  from 2 t o  I4 m ) ,  

D e n s i t i e s  were n o t  measured i n  t h i s  h o l e ,  and t h e  v a l u e  p = 2 g/cm 3 

was taken as  t h e  mean f o r  t h i s  p a r t i c u l a r  c r e g i o n  on t h e  b a s i s  of 

g r a v i t y  obse rva t ions  and d e n s i t y  de terminat ions  made from t h e  

specimens. 

Determinat ion of t h e  Elas  t i c  Parameters i n  t h e  Sub j acent. 

Medium 

Parametr ic  measurements of t h e  v e l o c i t i e s  of t h e  l o n g i t u d i n a l  

and t r a n s v e r s e  waves over s h o r t  b a s e l i n e s  were made i n  o rde r  t o  

determine t h e  e l a s t i c  parameters  o f ' r o c k s  i n  t h e  subjacent ,  medium, 

S h o r t  l o n g i t u d i n a l  p r o f i l e s ,  100 m ,  were used f o r  parametr ic  

obse rva t ions ,  wi th  t h e  sources"  l o c a t e d  a t  t h e  ends of t h e  p r o f i l e ,  

The s e l e c t i o n  of t h i s  l e n g t h  f o r  t h e  p r o f i l e  was n e c e s s i t a t e d  by /205 
.a... 

measurement accuracy and a t t e n u a t i o n  of t h e  e f f e c t i v e  wave, 



The d i s t a n c e  between t h e  se i smic  r e c e i v e r s  along t h e  p r o f i l e  

was s e l e c t e d  s o  t h a t  t h e r e  would be a  s u r e  c o r r e l a t i o n  Sezneen t h e  

e f f e c t i v e  waves, a s  ' w e l l  a s  t h e  accuracy needed t o  measure s e i s n i c  

v e l o c i t i e s .  Wi th  t h e s e  c o n s i d e r a t i o n s  i n  mind, a l l  observatLons 

were made on a  10 m i n t e r v a l  f o r  l q n g i t u d i n a l  waves, azd on a 

5  m i n t e r v a l  f o r  t r a n s v e r s e  waves. 

V e r t i c a l  shock a c t i o n s  (2-shock) were used a s  t h e  source  of 

l o n g i t u d i n a l  waves, The t r a n s v e r s e  waves were genera ted  Sy kosi-  

z o n t a l  shocks d i r e c t e d  perpendicular  t o  t h e  p r o f i l e  (y-shock) ,  

Only t r a n s v e r s e  SH waves a s e  observed i n  t h e  beam plane  in c h i s  

case .  The c h a r a c t e r i i t i c  i n d i c a t i o n  of S H  waves i s  a  phase inver-  

s i o n  wi th  a  change i n  q t h e  ' d i r e c t i o n  of t h e  a c t i o n .  
0 

Shocks caus ing  t h e  g e n e r a t i o n  of l o n g i t u d i n a l  and t r a n s v e r s e  

waves were c r e a t e d  by us ing  a  s l e d g e  hammer weighing some 10 kg 
* 

t o  s t r i k e  t h e  ground d i r e c t l y ,  o r  t o 4 s t r i k e  a  wooden b i ; l e t  bu r i ed  

i n  t h e  ground. Hor izon ta l  shocks were produced i n  two d i r e c t i o n s  

i n  o rde r  t o  v e r i f y  t h e  ' i nve r s ion  i n  t h e  phase of t h e  S H  have; 

one was a  +y shock, t h e  o t h e r  a  -y shock. A s e n s o r ,  r i g i d l y  

f a s t e n e d  t o  t h e  b i l l e t ,  was used t o  r ecord  t h e  moment of impact, 

A n  SPED-56 se i smic  d e t e c t o r  wi th  s p e c i a l ,  s t i f f e r  s p r i n g s  was 

used a s  t h e  sensor .  Recording t h e  long ikud ina l  (PI and t r a n s v e r s e  

( S H )  waves was accomplished us ing  SPM-16 se i smic  cletectors .  They 

were i n s t a l l e d  v e r t i c a l l y  (2- recept ion)  and h o r i z o n t a l l y  i n  a 

d i r e c t i o n  perpendicular  t o  t h e  p r o f i l e , ( y - r e c e p t i o n ) ,  Standard 

equipment, an SS-24-P se i smic  s t a t i o n ,  was used, 

The l o n g i t u d i n a l  and t r a n s v e r s e  waves u s u a l l y  were recorded 

by 30-45 f i l t r a t i o n .  It i s  known t h a t  t h e  t r a n s v e r s e  wave spectrum 

i s  much narrower than  t h e  l o n g i t u d i n a l  wave spectrum, and that i t  

i s  s h i f t e d  toward t h e  low frequency s i d e .  I n  t h e  c a s e  of che ob- 

s e r v a t i o n s  made i n  t h i s  p a r t i c u l a r  r e g i o n ,  t h e  maximum i n  t h e  

spectrum of S H  waves i s  a t  a  f requency between 35 and 40 Hz, acd 

was t h e  r eason  f o r  t h e  s e l e c t i o n  of 30-45 f i l t r a t i o n  as t h e  /206 - 
s tandard .  



Longi tudina l ,  o r  t r a n s v e r s e  types  of S H  waves, direcz and 

head ( F i g u r e  31, were recorded,  depending o n ' t h e  source  and system 

of s h o r t  b a s e l i n e  obse rva t ions  used, The b a s i c  c r i t e r i a  csed co 

F igure  3, Seismograms 
i i i u s  t r a t i n g  t h e  record-  
i n g  of t r a n s v e r s e  S H  
waves (Rudnyy Al tay )  
a  - i n v e r s i o n  of wave 
phase i n  t h e  c a s e  of y- 
shocks wi th  oppos-ite s i g n ;  
b  - r ecord ing  c h a r a c t e r i s -  
t i c  of g r a n i t e  i n t r u s i o n s .  

d i s t i n g u i s h  t h e  d i f  Ferenz eypes 

of waves were t h e  va lue  of ,he 

apparent  v e l o c i t y ,  and t h e  in-fer- 

s i o n  of t h e  phase of t h e  SE wave 

under y-shocks of t h e  oppos l re  

s ign .  The s h a r p e s t  r ecord ings  

were obta ined  a t  t h e  s ra .n i re  ~ n d  
- " metamorphic s c h i s t  oc.tcropp:ngs, 

The v i s i b l e  pe r iod  of SF waves i s  

approximately 0.02 - 0-03 s e c ,  

Determination of t h e  v e l o c i t y  

of t h e  l o n g i t u d i n a l  and t r a n s v e r s e  

wavss was made by us ing  xhe dif- 

f e r e n c e  t ravel - t ime curve method, 

and t h e  form;le V = 2 n x / A O 9  where 

Ax and. A0 a r e  t h e  incrernenzs of 

x and 0, determined frorr t h e  d i f -  

f e r e n c e  t r ave l - t ime  curve 

= ? - F. The e l a s t i c  c o n s t a n t s  

were computed us ing  Eq, (1, 21, 

The r e s u l t s  of t h e  parametr ic  

measurements a r e  l i s t e d  i n  Table 2 ,  

A s  w i l l  be seen  from Table 2 ,  

Po i s son ' s  r a t i o  decreases  with an 

i n c r e a s e  i n  t h e  s t r e n g t h  of t h e  

rock ,  approaching a va lue  of 0,25, 

On t h e  o t h e r  hand, Young I s  rnodu- 

l u s  i n c r e a s e s  with an i n c r e a s e  i n  

t h e  s t r e n g t h  of t h e  rock, 

We used t h e  method of genera t ing  t r a n s v e r s e  waves by explo- 



TABLE 2 



s i o n s  w i t h  stemming, developed i n  t h e  I n s t i t u t e  of Geology and 

Geophysics of t h e  S i b e r i a n  Branch of t h e  Academy of S c i e n c ~ s  of 

t h e  USSR by N.N. Puzyrev, K.A. Lebedev and G.N. Lebedeva? i n  

a d d i t i o n  t o  shocks. Shock sources  had been used t o  g e n e r t t e  cype 

S H  waves, b u t  t h e i r  power was l i m i t e d  and t h e  f e a s i b i l i t y  of t r a n s -  

p o r t i n g  t h e  s t r i k e r s  was l i m i t e d ,  

An example of t h e  u s e  of t h e  methodology desc r ibed  i s  the 

de te rmina t ion  of t h e  e l a s t i c  c o n s t a n t s  of c r y s t a l l i n e  l i n e s r o n e s  

i n  t h e  v i c i n i t y  of t h e  I s k i t i  quarry.  The l imestones were covered 

wi th  loose  d e p o s i t s  40 m t h i c k ,  made up of c l a y s  and loims. Longi- 
e 

t u d i n a l  waves were genera ted  by superposed charges ,  and the mans-  

v e r s e  waves were genera ted  by e x p l o s i o n s . i n  t r enches  w i t h  d ry  

stemming. A group charge,  3 x 60 g ,  connected by de tona to r  cord ,  

was used t o  g e n e r a t e  t h e  t r a n s v e r s e  waves (F igure  41, The ve loc i -  
i 

t i e s  of t h e  l o n g i t u d i n a l  and t r a n s v e r s e  waves were determined by 

counter  t r ave l - t ime  curves ,  and t h e  d e n s i t y  was found i n  t h e  

l abora to ry .  The fo l lowing va lues  were obta ined:  V = 6 , 0 0 0  m/sec ;  
3 P 

Vs = 2,730 m/sec; p = 2.8  g/cm ; y = VS/V = 0.455; 0 = 0 . 3 7 ;  
2 P E = 57.2 x l o l o  dynes/cm . 

The methodology f o r  determining e l a s t i c  c o n s t a n t s  Sy t h e  

se i smic  method desc r ibed  i n  t h i s  a r t i c l e  can be  recommended f o r  

s tudy ing  s o i l s  dur ing  engineer ing  and g e o l o g i c a l  su rveys ,  as w e l l  
D 

a s  when determining t h e  s t r e n g t h  of rocks  i n  planned c u z r r i e s ,  

The methodology i s  e f f e c t i v e  f o r  homogene&s media and f o r  s t r - "  a LA‘- 
li 

102. ZC 5s f i e d  media c l o s e  t o  t h e  h o r i z o n t a l  i n  t h e i r  s t r a t i f i c a t .  

recommended t h a t  sho tho le  obse rva t ions  be combined with r h e  p roA 

f i l e d ,  se i smic  method t h a t  u t i l i z e s  r e f r a c t e d  wave's t o  determine 

t h e  parameters of a s u b j a c e n t  medium, t o  s tudy  t h e  cover  mass. 



Figure  4. Seismogram i l l u s t r a t i n g  t h e  recordir .g  
of a  t r a n s v e r s e  S H  wave genera ted  by an explo- 
s i o n  wi th  stemming ( I s k i t i m  r e g i o n ,  d i s t a n c e  
from source  270-380 m ,  explos ion  +y,  s i z e  of 
charge 60 x 3  g ,  depth a t  which charge bur ied  
1 . 2  m ) .  
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